To enhance heterotrophic activities for decomposing organic matter in a eutrophic bottom environment, two promising bacterial strains isolated from the study site, named Enterobacter sp. 9410-O and Pseudomonas sp. W-4 were introduced by absorbance onto porous substrates in the sediment-bottom water complex system. Strain 9410-O grew well at >20∞C, considered as mesophilic, while the other strain W-4 grew at a wide rage of temperatures from 5∞C to 30∞C and was psychrotolerant. Addition of 9410-O stimulated net regeneration of inorganic nitrogen (DIN) and inorganic phosphorus (DIP) from the sediment by approximately four-fivefold at a high temperature of 26∞C, but some stimulation was noticed at the lower temperature of 13∞C. However, strain W-4 stimulated DIN and DIP net regeneration both at low (13∞C; approx. threefold) and high temperatures (26∞C; approx. four-fivefold). These results suggest that the application of such effective bacteria as described here would be promising for the stimulation of self-purification in the field of eutrophic bottom environments.
INTRODUCTION
Intensive aquaculture practices in the coastal area are characterized by high nutrient inputs, mostly in the form of high protein content food and fish juveniles, to the fish farm since the aquaculture industry began. The small portion of the total nutrients input is recovered as the harvest of cultured organisms, while a large portion of organic materials, mainly in the form of excess feed and feces, becomes the waste and is discharged into the environment without any treatment. [1] [2] [3] [4] [5] Briggs and Funge-Smith estimated the amount of added nitrogen and phosphorus to the intensive shrimp ponds through feed and fertilizers as being 95% and 71% of total amount of nitrogen and phosphorus in the natural environment, respectively, while harvested shrimp accounted for only 24% nitrogen and 13% of phosphorus loaded into the pond. 6 Thus, the portion of nutrients in the feed consumed by shrimp and converted to shrimp flesh is relatively small and a greater portion is wasted in the water column. The nutrient wastes are delivered into the surrounding environment, which as a result quite often exceeds the holding capacity of the recipient ecosystems 7 and consequently results in hypernutrification of the water column and underlying sediment. 4, [8] [9] [10] As a result, a serious ecological and economical impact is observed on the recipient ecosystem, 11, 12 which changes the characteristics of the living flora and fauna at or near the sediment water interface. [13] [14] [15] [16] Fish-farm wastes deposited on the sea bottom may lead to organic and nutrient enrichment of sediment, an increase in sediment oxygen demand, anoxic conditions, and production of toxic gases (e.g. methane and H 2 S), which adversely affect benthic organisms. [17] [18] [19] To ensure eco-friendly aquaculture, it is very important that this organic matter of allochthonous origin must be decomposed, and utilized or recycled. Numerous strategies have been developed to mitigate the environmental impacts of cage fish farm activities. Microbial ecology and biotechnologies have advanced to the point that commercial products and technologies are available to treat large areas of water bodies and land by enhancing the population densities of some selective microbial species or promoting their biochemical activ-ities. [20] [21] [22] [23] The biological treatment of effluent from intensive fish cage farming has been considered recently using specialized microorganisms. 24 Aerobic heterotrophic bacteria decompose organic matter in the water column and sediment surface in aquaculture pond systems. [25] [26] [27] [28] [29] But the intensive farming in enclosed or semi-enclosed spaces in a coastal region causes the organic matter to load at much faster rates than can be decomposed, utilized or recycled by ambient heterotrophic microorganisms. Therefore, the need for biotechnological intervention arises, 30 particularly in situations where the indigenous bacterial activities are limited by prevailing ecological variables. 31, 32 Several commercial products of effective bacterial strains of exogenous origin are now being used to control the water quality in aquaculture facilities but there is not much scientific validation of their effectiveness for in situ conditions. 29 The previous study was conducted with isolated bacteria of exogenous origin and introduced the bacterial cells as a re-suspension directly into the experimental system. 33 By considering the bottom environments of the study site, that method may not be effective. Furthermore, bacteria of exogenous origin may be inactive with indigenous microorganisms or dominate or interfere with their ecosystem. In the present study we tried to determine the best way to enhance the decomposition rate of organic matter in a sediment-bottom water complex of a eutrophic coastal inlet, by using some effective indigenous bacterial strains under in situ conditions. Here, we describe a series of experiments in which we investigate the effect of adding two bacterial strains, namely Enterobacter sp. 9410-O (mesophilic) and Pseudomonas sp. W-4 (psychrotolerant), on the net release of inorganic nitrogen (DIN) and inorganic phosphorus (DIP) by decomposition of organic wastes in a sedimentbottom water complex system in different seasons.
MATERIALS AND METHODS

Study site and sampling
Sampling was carried out at the small and shallow eutrophic Uranouchi Inlet in Kochi Prefecture, Japan. 34, 35 The inlet is characterized by a great deal of intensive fish rearing cages, limited water exchange, and pronounced density stratification in summer with oxygen-rich surface water and oxygen-deficient bottom water. 31 Serious algal blooms have also been reported in that inlet. 34 The sampling station is located at the central part of the inlet where the average depth is approximately 16-17 m, close to one of the cage farms. A description in detail of the study site and sampling station may be found in other published papers. 31, 32, 34, 35 Water samples were taken from 16 m depths using a 5 L Niskin water sampler, and were gently transferred into 10 L carboys via a silicon tube, during winter and summer seasons at several occasions in 2002. The carboys were filled completely without leaving any air space. Sediment samples were collected at the same time from the study area by using an Ekman-Birge grab sediment sampler. Both water and sediment samples were carried back to the laboratory within 1-2 h of sampling under ambient atmospheric temperature. Special care was taken to avoid contamination of the atmospheric air during sample handling and transportation.
Bacterial abundance
Bacterial abundances were monitored by epifluorescence microscopy after staining with 4¢, 6-diamidino-2-phenylindole dihydrochloride (DAPI) for 20 min at 4∞C. 36, 37 For the sediment samples, the bacteria were dispersed from their sites of attachment by sonicating in ultrasonic cleaner (930 W) for 30 min with tetra-sodium pyrophosphate (Na 4 P 2 O 7 ; final concentration, 0.01 M), [38] [39] [40] and then stained with DAPI (5 mg/mL) for 20 min at 4∞C.
Bacterial isolation, growth and proteolysis activity
The study site has a high dissolved oxygen content in winter but the microbial activity was low due to the low temperature. Therefore, to isolate effective bacterial strains of indigenous origin that have high activities in the cold conditions (psychrophiles 41 ), water and sediment samples were collected during the winter season (temperature approx. 12∞C). After appropriate decimal dilution, water or sediment samples were spread onto FeTY (trypticase peptone 0.5 g, yeast extract 0.05 g, ferric citrate 0.01 g, in 80% aged seawater) agar plates 42 and incubated at 4∞C. Fast-growing bacterial colonies were tentatively selected and isolated and purified for further study. The growth curves of each bacterial strain under different temperatures were monitored by epifluorescence microscopy as aforementioned.
To detect the protein hydrolyzing abilities, bacterial strains were cultured overnight in FeTY semisolid medium and inoculated onto double-layered 1% casein agar plates and incubated for 4 days at different temperatures (10-30∞C), and zones of hydrolysis (clear zones) were observed every day. 43 The presence of protease was estimated by mea-
suring the diameter of the zones of hydrolysis (clear zone) of each bacterial strain. Effective bacterial strains were selected by proteolytic (casein hydrolysis) activity test and temperaturedependent (5-30∞C) growth curves.
Preparation of bacterial re-suspension
Two bacterial strains, 9410-O and W-4, were selected and used for the experiment. Both bacterial strains were grown for 48 h into FeTY broth medium at 20∞C and after sufficient growth of bacterial culture, cells were rinsed by centrifuge at 10∞C for 10 min at 12 000 ¥g. (Himac CR 21E; Hitachi, Ibaraki, Hitachi Naka City, Takeda, Japan) at least five times in order to remove associated nutrients. After re-suspension with filtered (0.22 mm) bottom sample seawater by pipetting, 4 mL of resuspension was absorbed onto 10 g of porous substrates (Neo-coal; Toyodenka Kougyo Kabushiki Kaisha, Ogimachi, Japan; compositions are wood charcoal and ceramic, diameter: approx. 10 mm) and used as inocula. Some of the bacterial cell suspension (5 mL) was used for counting densities of bacteria added to the system.
Incubation experiment
Two incubation experiments were conducted with in situ sediment-water complex systems collected on 15 February and 3 August in 2002. The sediment-water complex was prepared by adding 50 g of well-mixed sediment to a 1 L glass bottle, into which 1 L of bottom water was poured slowly, taking special care to avoid pronounced mixing with sediment. These samples were transferred to a water bath at in situ temperature and incubated in darkness overnight to minimize disturbance effects. 44, 45 The following day 10 g of porous substrate containing bacteria were added on the sediment surface of the treatment bottles. A bottle of sediment-bottom water complex to which was added only the porous substrates (10 g) without the bacteria, was used as a control and was incubated together with bottles to which bacteria had been added. The experimental systems were incubated in a water bath at ambient temperature and winter (10∞C) or summer (26∞C) temperatures were simulated, separately, for 10-12 days without any shaking.
All the treatments were employed at least in duplicate. To minimize atmospheric oxygen contamination, floating plastic balls (diameter: 10 mm) were introduced into each incubating bottle and the water surface was covered with them.
Subsampling procedure
During incubation, 25 mL of subsamples were taken from 2 cm above the sediment surface at the beginning of the incubation as 0 day and at regular time intervals by using a pipette aseptically from each bottle without any disturbance of the system. These collected samples were filtered onto precombusted (450∞C for 4 h) and pre-rinsed (by double distilled water) GF/F filters (Whatman, Maidstone, England). The filtrate was preserved at -25∞C until undergoing analysis. We monitored initial and final dissolved oxygen (DO) concentration at 2 cm above the sediment surface by DO meter, YSI (Model no. 85/10 FT; YSI, Yellow Springs, OH, USA) before taking subsamples without any shaking.
Inorganic nutrients analysis
The concentrations of inorganic nitrogen (DIN: ammonium, nitrate and nitrite) and phosphate (DIP) were measure by automatic analyzer (Bran+Luebbe TRAACS 800; Sendagaya, Shibuya, Tokyo, Japan) by using preserved subsamples.
Identification of the bacterial strain
For identification of bacterial strains 9410-O and W-4, morphological and physiological characteristics were monitored following Bergey's Manual of Determinative Bacteriology.
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RESULTS
Growth curves of bacteria
The strain 9410-O was isolated from the upper layer of sediment of the study site in October. 33 This strain exhibited remarkably high growth rates between 20∞C and 30∞C but did not grow well at relatively low temperatures (£7∞C), and was considered to be mesophilic. 33 The strain W-4 was also isolated from the bottom water of the same place during winter. The growth curve of W-4 strain is presented in Fig. 1 . As is evident, W-4 had high growth rates at high temperature (20-30∞C) but it also had relatively good growth at lower temperatures (5∞C). Therefore, W-4 can be considered to be 'psychrotolerant'. In regards to proteolytic activities, both 9410-O and W-4 possessed considerably high activities at high temperatures (20∞C and 30∞C; Fig. 2a,b ), but at low temperatures (e.g. 10∞C) only the W-4 strain had higher activities (Fig. 2b) .
By considering growth curve and proteolytic activities, bacterial strains of 9410-O and W-4 were tentatively selected for further study.
Identification of 9410-O and W-4 strains
For identification of the strains 9410-O and W-4, morphological characteristics of the bacterium, such as cell shape, colony characteristics, pigmentation were investigated. Different physiological characteristics such as Gram reaction, motility test by flagella stain, catalase test, oxidase test, indole formation, citrate utilization, Voges Proskauer (VP) test, methyl red (MR) test, oxidation fermentation test, acid from D-glucose, L-arabinose and lactose were also monitored.
The strain 9410-O was Gram-negative, motile by peritrichous flagella, catalase-positive, oxidasenegative, formation of indole-positive, utilization of citrate-positive, VP test-positive, MR test-negative, it had a fermentative type of pathway; and acids from D-glucose, L-arabinose and lactose were positive. By consideration of the aforementioned physiological characteristics we tentatively identified the strain 9410-O as Enterobacter sp. (Table 1) .
As regards strain W-4, it was Gram-negative, motile by polar flagella, catalase-positive, oxidasepositive, formation of indole-negative, utilization of citrate-positive, VP test-positive, MR testnegative, it had an oxidative type of pathway; acids from D-glucose and L-arabinose were positive, and acid from lactose was negative. We tentatively identified the strain W-4 as Pseudomonas sp. by consideration of physiological characteristics of that strain (Table 2) .
Net release of DIN and DIP, and effects of bacterial addition
Two experiments were carried out using Enterobacter sp. 9410-O and Pseudomonas sp. W-4 strains. The final cell densities of added bacterial strains of Enterobacter sp. 9410-O and Pseudomonas sp. W-4, and their ratio of natural bacterial populations during two incubation experiments are presented in Table 3 . As such, during the experiment with (Table 3) .
When samples were collected on 15 February 2002 and incubated at in situ temperature of 13∞C, the net releases of DIN and DIP in control counter- parts (without adding bacteria) were 12.7 mM and 1.30 mM, respectively. Even when the 9410-O strain was added to the system, the effects were almost negligible (Fig. 3c,d ). However, when the sample was incubated at a simulated summer temperature of 26∞C, although the net increase of DIN in the control was 61.7 mM and that of DIP was 2.82 mM, strain 9410-O stimulated net releases of DIN and DIP of 239 mM and 14.9 mM, respectively (Fig. 3a,b) . Simultaneously, we conducted an experiment with another bacterial strain (W-4) by incubating at the same in situ temperature (13∞C) and simulated summer temperature (26∞C). When incubated at an in situ temperature of 13∞C, the net releases of DIN and DIP were stimulated to 52.7 mM and 4.18 mM, respectively (Fig. 4c,d ) by adding the W-4 strain. At the high temperature of 26∞C, the net increases in DIN and DIP were also accelerated to 261 mM and 11.9 mM, respectively, by adding W-4 ( Fig. 4a,b) . In experiments with summer samples (3 August 2002) that were incubated at the ambient temperature of 25.5∞C, the net release of DIN and DIP in the 9410-O-supplemented sediment-water complex system were prominently higher compared to the control. Net releases of 274 mM DIN and 15.4 mM DIP in the 9410-O-supplemented system are shown in comparison with 75.0 mM of DIN and 2.91 mM of DIP in the control, respectively (Fig. 5a,b) . A parallel experiment with 9410-O was conducted at a simulated winter temperature of 10∞C and no effective enhancement was noticed (Fig. 5c,d) . Furthermore, the same experiment conducted at an ambient temperature of 25.5∞C with addition of the W-4 strain showed that net releases of DIN and DIP were also stimulated to 282 mM and 16.1 mM, respectively (Fig. 6a,b) . During an experiment performed with W-4 and incubated at a simulated winter temperature of 10∞C, although the net releases of DIN and DIP in the control were very low at 13.3 mM and 2.51 mM, respectively (Fig. 6c,d ), the addition of W-4 stimulated the release to 124 mM in DIN and 15.2 mM in DIP (Fig. 6c,d ).
Mean DO concentration at the beginning and termination of incubation at in situ and simulated winter or summer temperatures are presented in Table 4 . As is evident, the DO concentration at the termination was significantly lower than at the start of incubation, especially in the case where high temperature DO concentration was decreased from the second day of incubation (data not shown).
DISCUSSION
Semi-enclosed coastal areas such as our study site, in particular, are vulnerable considering their limited water exchange; and accumulation of wastes in the water and sediment takes place because the site is inhabited by a great number of intensive fish rearing cages but has limited water exchange. 35 The degradation of polymeric nitrogen compounds in the water column of the study site was limited by low temperature when the water column was mixed (October-March), and by low dissolved oxygen or high toxic H 2 S concentrations in summer, especially in bottom water. 31 Inducing the growth of particular bacteria could facilitate the biodegradation process of organic wastes even in large areas of water. 22, 23, 47, 48 But almost all of the bioremediative efforts have been targeted at recalcitrant, xenobiotic compounds and heavy metals or oily sludge-contaminated areas. In the present study we tried to apply this method in a eutrophic ecosystem and monitored the effects of adding bacterial strain(s) to enhance the heterotrophic activities, by considering that heterotrophic activities at the study site are limited in summer as well as in winter, and one limiting situation is characteristically different from another. 31, 32 The indigenous mesophilic strain Enterobacter sp. 9410-O was isolated from the surface sediment of the study site in October when proteolysis activity in sediment was at its peak. 32 It exhibited high growth rates and proteolytic activities at temperatures ranging from 20∞C to 30∞C (Fig. 2a) . 33 The study site has a high dissolved oxygen content in winter but due to low temperature the microbial activity was very low. Therefore, use of a psychrophilic or psychrotolerant bacteria that can be active at low temperatures may be a possible way to enhance heterotrophic activities during the winter season. 41 Strain Pseudomonas sp. W-4, which is psychrotolerant, was isolated from bottom water of the study site in the coldest season (December) and had high growth rates and proteolytic activities even at low temperatures such as 10∞C (Figs 1,2b) . Because one bacterial strain may not be effective throughout the year, we therefore used two bacterial strains and hoped that they would be capable of possessing high metabolic activities in different seasons. After adding the 9410-O strain, net amounts and rates of DIN and DIP regeneration in overlying water column from sediment were markedly enhanced in the system collected in February and incubated at a summer simulated temperature of 26∞C (Fig. 3a,b) . However, when we conducted parallel incubation at the in situ temperature of 13∞C, enhancements in DIN and DIP releases were quite limited (Fig. 3c,d) . Therefore, results indicate that the strain 9410-O was most effective at high temperatures or in a summer situation, which is consistent with the growth characteristics and proteolytic activities of this strain ( Fig. 2A) . 33 In contrast to this strain, addition of W-4 strain to the same system collected in February enhanced the releasing rates of DIN and DIP incubated not only at an ambient lower temperature of 13∞C (Fig. 4c,d) , but also at a simulated higher summer temperature of 26∞C (Fig. 4a,b) . Such results are pertinent to the growth rate and proteolytic activities of this strain (Figs 1,2b) .
During summer experiments in August, addition of 9410-O also stimulated the release rate of DIN and DIP when incubated at an ambient summer temperature of 25.5∞C, but no enhancements were noticed for the winter simulated temperature of 10∞C (Fig. 5) . However, addition of W-4 strain enhanced the release rate of DIN and DIP both at the ambient 25.5∞C temperature and simulated winter temperature of 10∞C (Fig. 6) . The effect of adding bacteria to the sedimentbottom water complex system has been evaluated by comparison with the control counterparts (bacteria not added). An interesting point is that addition of psychrotolerant Pseudomonas sp. W-4 in winter and Enterobacter sp. 9410-O in summer produced net releases of DIN and DIP that were almost four-fivefold higher compared with the control, even though heterotrophic activities (regeneration rate) in the control were relatively higher in summer than in the winter season. Furthermore, net releases of inorganic nutrients (both of DIN and DIP) after addition of the W-4 strain were higher in the experiment conducted in summer sediment sample than in winter sample, due to availability of labile organic matter in summer, respectively (Figs 4c,d,6c,d ). It should also be considered that the stimulation of DIN and DIP compared to control counterparts was four-fivefold higher, while the percentage bacterial addition was 20-30%. Gardner et al. reported that increased ammonium regeneration rates corresponded to an increased addition of bacteria into unfiltered seawater and assumed that this was caused directly by bacteria; no elucidation was provided. 49 If so, it could be argued that added bacterial cells might be used as a labile organic matter source leading to increased inorganic nitrogen concentration. In order to determine whether active bacteria or degraded cells were responsible for the increased nutrient regeneration, we used killed bacterial cells of the same amount in the control bottles as was used in the test bottles by absorbing onto porous substrates as a negative control. Results showed that live bacterial cells produced a higher increase in inorganic nutrient in comparison to dead bacterial cells (data not shown).
We considered that the enhancement of the inorganic nutrient (DIN and DIP) regeneration into the overlying water column should be increased by the bacterial decomposition of organic matter of the sediment. So far, in the present study we tried to enhance the decomposition of organic matter by addition of effective indigenous bacteria. Numerous approaches have been developed to mitigate a high concentration of inorganic nutrients from an overlying water column, as such (i) to enhance the primary production by cultivating seaweeds or (ii) to take up the increasing nutrients by culturing sessile microalgae. It is necessary to conduct further study at the next stage regarding the removal of enhanced inorganic nutrients from the overlying water column.
Previous studies conducted in regards to alleviating the effect of pollution by using microorganisms of exogenous origin that were introduced as cell suspensions. 33 However, most of the efforts have been directed towards achieving the degradation of anthropogenic contaminants. But there is no scientific validation that those bacterial strains would be effective in the field of eutrophic bottom environments. 29 If we consider eutrophic bottom environments as the actual field, then addition of bacterial cell suspensions would not be effective because cells would be killed or diluted by native bacteria. Furthermore, bacteria added from an exogenous origin might be inactive or persist against and/or dominate the indigenous microorganisms and can have adverse effects on the ecosystem. As noted, our present results do not give any quantitative estimate of the kinetics of the decomposition of organic matter to DIN and DIP in sediment-bottom water systems in nature. However, we emphasize that for the ecosystem of the actual field of study we used indigenous bacterial strains, which were added to the system by absorbance with porous substrates. Results of the present study showed that bacteria of indigenous origin stimulate the decomposition of organic matter in the sediment of eutrophic environments. We suggest that the bacteria used in the present study would be effective in bottom environments in the field, and interaction with indigenous microorganisms and relevant ecosystem would be negligible or minimum. Further study is needed to evaluate the effects of these bacteria in the field of eutrophic bottom environments with natural ecosystems.
